Abstract. While the physiological role for calcium in the insulin action on glucose transport has been disputed, it was reassessed in a recent study by using a calcum chelator, 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid, tetra(acetoxymethyl) ester (BAPTA-AM). Although BAPTA has been widely used to study the role for calcium in a variety of cell functions, it has also been suggested to have properties unrelated to the calcium chelating activity. Here, we investigated the effects of BAPTA and dimethyl BAPTA on the cytoskeletons in 3T3-L1 adipocytes. Both calcium chelators were successfully loaded in 3T3-L1 adipocytes and inhibited endothelin-1-induced cytosolic calcium elevation. Confocal fluorescence microscopy revealed that BAPTA and dimethyl BAPTA caused profound depolymerization of the microtubules without affecting the cortical actin filaments in 3T3-L1 adipocytes. Biochemical quantification also showed that BAPTA and dimethyl BAPTA significantly decreased the amount of polymerized tubulin but had little effect on filamentous actin. Consistent with these results, GLUT4-positive perinuclear compartments were dispersed throughout the cytoplasm in BAPTA-or dimethyl BAPTA-loaded adipocytes. Intriguingly, these calcium chelators did not disrupt the microtubules in undifferentiated preadipocytes. The microtubule-depolymerizing property of BAPTA and dimethyl BAPTA is unrelated to calcium chelation, since the microtubules were resistant to depletion of cytosolic calcium by using a calcium ionophore A23187. Insulin-stimulated glucose transport was not affected by cytosolic calcium depletion with A23187, but significantly inhibited with BAPTA and dimethyl BAPTA to the extent similar to that with nocodazole. BAPTA and its derivatives should be used with caution in studies of cytoskeleton-related cell functions.
INSULIN stimulates glucose uptake in muscle and adipose cells mainly by promoting a subcellular shift of the insulin-regulated isoform of facilitative glucose transporter, GLUT4 from intracellular compartments to the plasma membrane [1, 2] . In the basal state, GLUT4 is virtually excluded from the plasma membrane and targeted to intracellular compartments including the early endosomes, the trans-Golgi network and the GLUT4-specific storage vesicles [3] . The latter is a highly insulin-sensitive compartment from which insulin predominantly recruits GLUT4 to the plasma membrane by an exocytotic mechanism [3] . Although the precise mechanism of insulin-regulated GLUT4 translocation is not yet completely defined, the exocytotic fusion of GLUT4-containing vesicles has been demonstrated to share several aspects with regulated exocytosis of the synaptic vesicles in neuronal cells [4, 5] . While it has been well established that calcium plays an essential role in exocytosis of the synaptic vesicles, its relevance to the insulin action on GLUT4 translocation and glucose transport has been disputed (for review see [6] ). The role for calcium in the insulin action on glucose transport was reassessed in recent studies using a calcium chelator, 1,2-bis(oaminophenoxy)ethane-N,N,N',N'-tetraacetic acid, tetra (acetoxymethyl) ester (BAPTA-AM) [7, 8] . Whitehead et al. revealed that chelation of intracellular calcium with BAPTA-AM inhibited both insulin-induced GLUT4 translocation to the plasma membrane and the fusion of GLUT4-containing vesicles with the plasma membarne. In addition, they showed that BAPTA-AM inhibits the activity of the facilitative transporters (GLUT4 and GLUT1) by binding directly to the transporter itself. Thus, their study showed that BAPTA attenuated the insulin action on glucose transport at three different steps in 3T3-L1 adipocytes; two are related to intracellular calcium chelation and one is independent of calcium.
Although BAPTA has become a useful tool to analyze the role for calcium in a variety of cell functions, it has also been suggested to have properties unrelated to the calcium chelating activity. In this regard, Saoudi et al. reported that BAPTA has a potent actin microfilament and microtubule depolymerizing activity in RAT2 and A6 Xenopus cell lines, which is completely independent of calcium chelation [9] . In addition, they showed that BAPTA depletes ATP pools by affecting mitochondrial respiration although this does not explain the disruption of the cytoskeletons [9] . These observations led us to investigate the effects of BAPTA on the cytoskeletons in insulin-sensitive cells, since several lines of evidence indicate that the actin and microtubule cytoskeletons play crucial roles in the subcellular trafficking of GLUT4 [10] [11] [12] [13] [14] .
In the present study, we examined the effects of BAPTA and its derivative, dimethyl BAPTA on the cytoskeletons in 3T3-L1 adipocytes by confocal fluorescence microscopy and biochemical quantification of polymerized tubulin and filamentous actin. Our study demonstrated that these calcium chelators have a profound microtubule depolymerizing activity but have little effect on the actin filaments in 3T3-L1 adipocytes. Additionally, these calcium chelators did not disrupt the microtubules in undifferentiated preadipocyte, suggesting their microtubule-depolymerizing activity depends on the cell types.
Materials and Methods

Materials
1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) acetoxymethyl (AM) ester and 5,5'-dimethyl BAPTA-AM were purchased from Molecular Probe (Eugene, OR) and dissolved in dimethyl sulfoxide (DMSO) at 50 mM (stock solutions). Nocodazole was purchased from ICN (Costa Mesa, CA) and dissolved in DMSO at 20 mM (stock solution). Latruculin A and A23187 were obtained from Wako Chemicals (Kyoto, Japan) and dissolved in DMSO at 10 mg/ml and 50 mM (stock solutions), respectively. Rabbit polyclonal anti-GLUT4 antibodies were generated as described previously [15] . Mouse monoclonal anti-β-tubulin (clone TUB 2.1) and mouse monoclonal anti-actin antibodies were from ICN Biomedicals (Aurora, OH) and Sigma (St. Louis, MO), respectively. Alexa 568-labeled phalloidin, Alexa Fluor-labeled anti-mouse IgG and anti-rabbit IgG antibodies were obtained from Molecular Probe. 2-[1,2-3 H]deoxy-Dglucose was purchased from PerkinElmer Life and Analytical Sciences (Boston, MA). Endothelin-1 was from Peptide Institute, Inc. (Osaka, Japan).
Cell Culture
3T3-L1 cells, kindly provided by Osamu Ezaki (National Institute of Health and Nutrition, Tokyo), were routinely maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 75 μg/ ml streptomycin, 50 μg/ml penicillin and 10% calf serum at 37°C in a humidified atmosphere of 5% CO 2 . Unless otherwise indicated, cultures were fed every 2 to 3 days during growth and every 2 days after confluence. 3T3-L1 preadipocytes were differentiated into adipocytes essentially as described previously [3] . Briefly, 2 days after confluence (Day 0), the medium was removed and replaced with fresh medium containing 10% fetal bovine serum (FBS), 0.5 mM IBMX, 1 μM dexamethasone, and 1.7 μM insulin. Forty-eight hours later (Day 2), the medium was withdrawn and replaced with fresh medium containing 10% FBS and 1.7 μM insulin. After 48 hours (Day 4), insulin was withdrawn from the culture medium and cells were maintained in DMEM containing 10% FBS.
Calcium Imaging
Differentiated 3T3-L1 adipocytes were seeded on a 35 mm glass-bottom dish and cultured in DMEM overnight. For time-lapse calcium imaging, cells were loaded with 2 μM Fura-2/AM (Dojindo, Tokyo, Japan) in Hank's balanced salt solution (Nissui, Tokyo, Japan) for 30 min at 37°C. Then, cells were washed and Fura-2 fluorometry was carried out using an inverted microscope (IX-71, Olympus, Tokyo) equipped with a × 40 objective (Olympus) and a cooled CCD camera (ORCA-ER, Hamamatsu Photonics, Hamamatsu, Japan) as described previously [16] . A short path filter of 330-495 nm was used to reduce background fluorescence in the light path between a diachronic mirror of 505 nm and an emission filter of 535/45 nm band path. The fluorescence ratio of the emissions by 340 nm excitation and 380 nm excitation (designated R340/380) was recorded and analyzed with the Aqua Cosmos imaging software (Hamamatsu Photonics). It should be noted here that the Fura-2 signals were not calibrated in terms of the absolute values of cytosolic calcium concentration because the accuracy of such estimates is debatable and calibration was not necessary for the analysis in this study.
Confocal Fluorescence Microscopy
Differentiated 3T3-L1 adipocytes on cover slips were wahed with PBS and fixed with 3% (w/v) paraformaldehyde in PBS for 30 minutes at room temperature. Fixed cells were washed with PBS and permeabilzed in Solution A (PBS containing 0.1% saponin and 0.4% bovine serum albumin) for 10 min. After incubation in blocking solution (5% normal goat serum in PBS) for 30 min, the cells were incubated with anti-β-tubulin (1 : 1000) or anti-GLUT4 (1 : 1000) antibodies for 2 hours at room temperature. After washing 3 times in Solution A, the cells were incubated with Alexa 488-conjugated anti-mouse IgG, Alexa 568-conjugated anti-rabbit IgG antibodies or Alexa 568-labeled phalloidin for 1 hour at room temperature. Finally, cells were washed with PBS, mounted in PermaFluor mountant medium (Thermo electron corporation, Pittsburgh, PA), and observed with an FluoView FV1000 confocal microscope system (Olympus, Tokyo).
Extraction and Measurement of Polymerized Tubulin
Polymerized and unpolymerized tubulin were separated as described by Breitfeld et al. [17] with a slight modification. Cells were washed with PBS and incubated with extraction buffer (2 M glycerol, 100 mM MgSO4, 1 mM EGTA, 0.1% Triton X-100, 0.1 M PIPES/Na, pH 6.9) containing complete protease inhibitor cocktail (Roche Diagnostics) for 30 minutes at 37°C. At the end of incubation, cells were washed with PBS and unextracted polymerized tubulin associated with cells was recovered by incubation with SDS lysis buffer (0.4 M NaCl, 0.5% SDS, and 25 mM Tris/ Cl, pH 7.4) for 5 minutes at room temperature, followed by centrifugation for 30 seconds at 500 × g. The cell lysate was boiled for 3 minutes and centrifuged at 15,000 × g for 2 minutes. The supernatant was subjected to SDS-polyacrylamide gel electrophoresis and immunoblotting with anti-β-tubulin antibody.
Measurement of Filamentous Actin
Filamentous actin was extracted as described by White et al. [18] with a slight modification. Cells were washed with PBS and scraped in extraction buffer (1% Triton X-100, 80 mM KCl, 10 mM EGTA, 4 mM sodium azide, 20 mM imidazole/HCl, pH 7.0). After incubation on ice for 10 minutes, the cell lysate was centrifuged at 8,000 × g for 10minutes at 4°C. The resulting pellet was dissolved in a solution containing 10% SDS, 13 mM β-mercaptoethanol, 20% glycerol, 86 mM Tris/HCl, pH 6.7, and subjected to SDS-polyacrylamide gel electrophoresis and immunoblotting with anti-actin antibody.
Immunoblotting
Proteins were separated on 10% SDS-polyacrylamide gels and transferred to a polyvinylidene difluoride membrane (from Millipore). The membrane was blocked with 4% (w/v) Block Ace solution (Dainippon Sumitomo Pharma, Osaka, Japan) for 1 hour at room temperature. The blocked membrane was incubated with the mouse anti-tubulin (1 : 1000) or anti-actin (1 : 1000) antibody for 2 hours at room temperature or overnight at 4°C. The membrane was washed with TBS/T (137 mM NaCl, 20 mM Tris/Cl, pH 7.5, 0.1% (v/v) Tween-20) and incubated with horseradish per-oxidase-conjugated anti-mouse IgG antibody for 1 hour at room temperature. Following an extensive wash with TBS/T, the blots were visualized by using ECL system (GE Healthcare) and LAS-3000 luminescent image analyzer (Fuji Photo Film, Tokyo, Japan).
Glucose Transport Assay
Differentiated 3T3-L1 adipocytes in a 12-well culture dish were incubated in serum-free DMEM for 3 hours at 37°C to stabilize the basal glucose transport activity. Cells were then washed 2 times with KRH buffer (Krebs-Ringer-Hepes/Na (25 mM), pH 7.4 containing 0.4% BSA and 3 mM sodium pyruvate) and incubated in the same buffer for 1 hour, followed by stimulation without or with insulin (100 nM) for 30 minutes at 37°C. Then 2-[1,2-3 H]deoxy-D-glucose (0.8 μCi/well) was added to the cells to the final concentration of 0.1 mM, and incubated for 5 minutes at 37°C. Nonspecific uptake was measured in the presence of 1 μM cytochalasin B. At the end of incubation, cells were washed 2 times with ice-cold KRH buffer and lysed in 0.4 ml of 0.4% SDS. The radioactivity in the lysate was counted with a scintillation counter.
Results
Effects of BAPTA and dimethyl BAPTA on Endothelin-1-induced Cytosolic Calcium Elevation
We first examined whether BAPTA and dimethyl BAPTA effectively chelate cytosolic calcium in 3T3-L1 adipocytes under the experimental conditions. To this end, we measured the cytosolic calcium concentration ([Ca 2+ ] c ) by using a calcium indicator Fura-2 in 3T3-L1 adipocytes stimulated with endothelin-1. Endothelin-1, a 21-amino acid peptide has been shown to bind the G-protein-coupled type A endothelin receptor (ET A ) and evoke calcium mobilization via stimulation of phospholipase C-mediated phosphatidyl inositol hydrolysis in adipocytes [19] [20] [21] . Addition of 100 nM endothelin-1 caused a rapid elevation in the cytosolic calcium concentration in 3T3-L1 adipocytes (Fig. 1A) . In contrast, BAPTA-loaded adipocytes did not show any response of cytosolic calcium to endothelin-1 (Fig. 1B) . Similarly, endothelin-1-evoked elevation in cytosolic calcium was markedly attenuated in dimethyl BAPTA-loaded cells (Fig. 1C) . These results indicated that these calcium chelators were successfully loaded and chelated cytosolic calcium in 3T3-L1 adipocytes.
Effects of BAPTA and Dimethyl BAPTA on the Cytoskeletons in 3T3-L1 Cells
We next examined the effects of BAPTA and dimethyl BAPTA on the actin and microtubule cytoskeletons in 3T3-L1 adipocytes by confocal fluorescence microscopy. As shown in Fig. 2A , the microtubules were visualized as a filamentous network in differentiated adipocytes, whereas the filamentous tubulin signals dissappeared in BAPTA-or dimethyl BAPTA-loaded adipocytes, indicative of depolymerization of the microtubules. On the other hand, the intensity and localization of the phalloidin signals were apparently indistinguishable in BAPTA-or dimethyl BAPTAloaded cells from those in control cells, suggesting that the calcium chelators had little effect on the integrity of the actin filaments. Intriguingly, the microtubules were not significantly depolymerized with BAPTA or dimethyl BAPTA in undifferentiated preadipocytes that were interspersed among the differentiated adipocytes in some preparations (shown with asterisks in Fig. 2B ), suggesting that their effects on the microtubules may depend on the cell types.
Effects of BAPTA and Dimethyl BAPTA on Polymerized Tubulin
To further investigate the effects of BAPTA and dimethyl BAPTA on the cytoskeletons, we extracted polymerized tubulin and filamentous actin from 3T3-L1 cells and measured their amounts by immunoblotting. As shown in Fig. 3 , BAPTA and dimethyl BAPTA markedly decreased the amount of polymerized tubulin, whereas they did not affect the filamentous actin, consistent with the observations by confocal microscopy. In addition, neither BAPTA or dimethyl BAPTA affected the microtubules in undifferentiated preadipocytes, whereas nocodazole com- pletely depolymerized the microtubules, suggesting that BAPTA and dimethyl BAPTA depolymerize the microtubules by a mechanism(s) distinct from that of nocodazole.
Effect of BAPTA on GLUT4 Subcellular Localization
Previous studies have shown that GLUT4 accumulates in the perinuclear compartments in 3T3-L1 adipocytes and disruption of the microtubules causes dispersion of the GLUT4-containing compartments in the cytoplasm. To further assess the microtubules status, we examined the subcellular localization of GLUT4 in BAPTA-or dimethyl BAPTA-loaded adipocytes. As shown in Fig. 4 , the GLUT4 signals accumulated in the perinuclear region in control adipocytes, whereas they were dispersed throughout the cytoplasm in BAPTA-or dimethyl BAPTA-loaded cells.
Effect of Intracellular Calcium Depletion on the Microtubules
These observations led us to examine whether the microtubules disruption by BAPTA and dimethyl BAPTA was a consequence of intracellular calcium depletion or derived from any properties unrelated to calcium chelation. To clarify this point, we treated adipocytes with a calcium ionophore A23187 in a calcium-free buffer (Krebs-Ringer-Hepes buffer containing 0 mM Ca but 1 mM EGTA) to deplete cytosolic calcium, and examined the microtubules by confocal microscopy. As illustrated in Fig. 5 , the microtubules were apparently intact in adipocytes incubated in a buffer containing 1.25 mM Ca (Fig. 5a ), while they were completely depolymerized with nocodazole (Fig. 5b) . Removal of extracellular calcium alone did not cause disruption of the microtubules (Fig. 5c) . Addition of A23187 to the cells in the calcium-free buffer also had little effect on the microtubules structure (Fig. 5d) . These results suggested that BAPTA and dimethyl BAPTA depolymerize the microtubules by a mechanism unrelated to calcium chelation in 3T3-L1 adipocytes.
Effect of Intracellular Calcium Depletion on Insulin-Stimulated Glucose Transport
We previously reported that insulin-stimulated glucose transport and GLUT4 translocation were not significantly affected in isolated rat adipocytes which were electrically permeabilized in the low-Ca 2+ (~100 nM) buffer [15, 22] . Those observations supported the notion that cytosolic calcium plays an insignificant role in the insulin action in rat adipocytes. In 3T3-L1 adipocytes, however, BAPTA loading has been shown to inhibit insulin-stimulated glucose transport by mechanisms both related and unrelated to calcium chelation [7] , although the effect of BAPTA on the cytoskeletons was not investigated. To re-evaluate the effect of BAPTA on the insulin action, we measured the glucose transport activity in 3T3-L1 adipocytes whose cytosolic calcium was depleted by two different methods. As shown in Fig. 6 , the insulinstimulated glucose transport activity was not affected by depletion of cytosolic calcium with A23187 plus calcium-free buffer, consistent with our previous observations in rat adipocytes. On the other hand, the insulin action was significantly inhibited in BAPTAor dimethyl BAPTA-loaded cells (by 39.6% and 32.9%, respectively). However, the extent of inhibition was not significantly different from that with nocodazole. 
Discussion
While BAPTA and its derivatives have been widely used as tools to study the role for calcium in a variety of cell functions, it has also been suggested that they have properties unrelated to the calcium chelating activity. In the present study, we investigated the effects of BAPTA and dimethyl BAPTA on the actin and microtubule cytoskeletons in 3T3-L1 adipocytes, and revealed that these calcium chelators have a profound microtubule-depolymerizing activity in 3T3-L1 adipocytes, whereas they did not affect the actin filaments. This activity was independent of calcium chelation, since depletion of intracellular calcium by treating cells with A23187 in the calcium-free buffer did not affect the microtubules. In addition, neither BAPTA or dimethyl BAPTA disrupted the microtubules in undifferentiated preadipocyte, suggesting that their microtubule-depolymerizing activity is cell-type specific and also excluding the possibility that calcium chelation caused microtubules depolymerization.
These results partly agree with the observations by Saoudi et al. [9] , whereas there are some disagreements between the results of two studies. While BAPTA did not affect the actin filaments in 3T3-L1 adipocytes, it disrupted both actin and microtubule cytoskeletons in RAT2 cells. The reason of this difference is unknown, but Saoudi et al. showed that BAPTA acts on dynamic actin assemblies. Since 3T3-L1 adipocytes are scarce of the stress fiber but abundant in the cortical actin network [23] , it is possible that the cortical actin structure may be more resistant to the calcium chelator. On the other hand, dimethyl BAPTA depolymerized the microtubules in 3T3-L1 adipocytes, but it had little effect in RAT2 cells. Thus, the effects of BAPTA and its derivatives on the cytoskeleton may depend on the cell types. The mechanism of microtubule depolymerization with BAPTA and dimethyl BAPTA is unknown at present, but it is apparently distinct from that of nocodazole, which disrupted the microtubules in both preadipocytes and adipocytes.
In the present study, we also re-evaluated the role for calcium in the insulin action on glucose transport by depleting the cytosolic calcium. In agreement with our previous observation in rat adipocytes, depletion of cytosolic calcium with a calcium ionophore A23187 had little effect on the insulin-stimulated glucose tranport. Although BAPTA and dimethyl BAPTA significantly inhibited the insulin effect, the inhibition can be attributed to their microtubule-depolymerizing activity since nocodazole inhibited the insulin-induced glucose transport to the same level as BAPTA and dimethyl BAPTA. These results support the notion that cytosolic calcium plays an insignificant role in the insulin action on glucose transport althouhg we cannot exclude the possibility that very localized calcium transient or compartmentalized calcium may be essential for the insulin action.
In summary, the results of the present study indicate that one should be cautious in the use of BAPTA and its derivatives in studies of cell function related to the actin and microtubule cytoskeletons.
